Resonance tube phonation with tube end in water is a voice therapy method in which the patient phonates through a glass tube keeping the free end of the tube submerged into water, creating bubbles.
resonance tube phonation in water, suggesting that bubbles exit the tube in a steady but alternating pattern followed by a back flow of water into the tube. Further, there are some reports on bubble frequencies with human participants without measurement of flow [6, 7, 13, 16] . However, the effect of flow on the formation of bubbles in water and other fluids with upward facing orifices were examined already in the 1950's by Davidson and Amick [17] among others. They found that for low flows, the bubble size was almost independent of flow, and thus the bubble frequency was proportional to the flow. For higher flows, the bubble size increased with flow, and the bubble frequency plateaued at a maximum rate. Also, they found that the volume of the cavity behind the tube inlet affected the bubble size and frequency. For certain flows they also observed bimodally (pairwise) emitted bubbles, forming the shape of a mushroom. Tufaile and Sartorelli [18] also observed doublets of bubbles being formed from upward facing orifices, but in a mixture of water and glycerin. For higher flows they observed quadruplets and chaotic behavior in the formation of bubbles.
During resonance tube phonation in water, the static and oscillating parts of pback directly affect the vocal apparatus [5, 6, 7, 16] . Apart from this, the bubbles might play an important role providing visual, auditory and tactile feedback for the clinician and patient during the exercise. The purpose of the present study was to investigate characteristics of pback and bubbles generated by glass tubes submerged into water. The tubes were connected to a flowdriven vocal tract simulator with a variable back cavity volume. The simulator provided a continuous airflow to resemble the exercises with continuous phonation described by Simberg and Laine [8] .
METHOD

Setup
A flow-driven vocal tract simulator was used, consisting of a pressurized air cylinder, connected via a mass flow controller (Alicat Scientific model MCR-50SLPM-TFT), to a 60 ml syringe providing a cavity with an adjustable size and an outlet for tube connection. A differential pressure transducer, 8-SOP MPXV7007DP-ND, Freescale Semiconductor, Petaling Jaya Malaysia was attached to the syringe, see Figure 1 . Calibration of pressure was performed by means of a U-tube manometer. The pressure in the back cavity, the flow signal from the flow controller and the audio were recorded using the Soundswell Signal Workstation for Windows version 4.00 build 4003 with an analogue library SwellDSP 4.00 and DSP card LSI PC/C32 (Neovius Data och signalsystem AB, www.neovius.se). The channels were recorded at a sampling rate of 16 kHz each. The audio signal was used for logging purposes only. For measurements requiring a varying flow, a custom written software Mjau was used to control the flow controller. Some recordings were supplemented with video filming, using a Canon 700D model (Canon inc., www.canon.com) at a rate of 50 frames per second, exposure time 1/1000 s. The data analyses were made using the Sopran software version 1.0.12 (Tolvan Data, www.tolvan.com) and Matlab version R2015b (Mathworks inc. www.mathworks.com). Statistical analyses were made using IBM SPSS Statistics 24 for Windows.
Materials
Two glass tubes with inner diameters Ø 8.0 and Ø 9.0 mm, glass thickness 1.0 mm and length 26 cm were used [4] . In the clinical setting, patients are instructed to keep a good, relaxed posture avoiding bending the neck or lowering the chin [8] . Based on these posture recommendations, the tubes in the present study were submerged into the water at a 45˚ angle, which should be an accurate estimate of the angle patients use in the clinical setting. All water depths were measured from the surface to the lowest part of the tube end, see figure 2 .The size of the bowl used in the experiments was 165 x 105 x 95 mm. In experiments 1-4 the back volume of the syringe was set to 36 cm 3 in order to approximate the volume of the vocal tract [19] . The same angle of tube submersion as well as back volume were used in a previous study investigating pback for different sized tubes with the free end in air and in water [10] . 
Experiments
Experiment 1, pressure as a function of flow.
The two tubes were assessed in air and at 7 different water depths (1-7 cm), to measure pback as a function of flow. The flow was increased from 0 up to 0.38 L/s by the control software during 65 s. The static and oscillating components were analyzed separately.
Static component:
The flow and pressure signals were resampled to 5 Hz in Sopran (this procedure automatically included low-pass filtering at 2.5 Hz to avoid aliasing effects) and exported to Matlab. In order to prepare the graphs, flow and pressure were further smoothed in Matlab using a 4 second moving average window.
For comparison, curves describing theoretical estimations were added. Based on the findings by Amarante Andrade et al [10] , a combined model for the pback was formulated:
where pwater is the water pressure at the tube end and ptube is the pressure determined by the flow through the tube and the tube resistance. 
where is the flow-dependent back pressure from the tube in free air in Pa, D is the tube diameter in m, U is the flow in L/s and is the length of the tube in m.
Oscillating component: The pressure signal was processed in Sopran by high pass filtering at 1
Hz to remove the static component, extracting the root of the mean of the squares (RMS) from the filtered pressure signal using a smoothing filter cutoff at 0.3 Hz. The flow and RMSpressure signals were resampled to 5 Hz and exported to Matlab.
In order to prepare the graphs, flow, pressure and RMS-pressure were further smoothed in Matlab using a 4 second moving average window.
Experiment 2, bubble types, video recording.
The Ø 9 mm tube was submerged at depths 2, 4 and 6 cm. Initial tests were conducted to visually identify different bubble patternsregular, bimodal and chaotic. Based on these findings, video recordings were made during a slowly increasing flow. From these recordings, three flows 
Experiment 3, bubble types as function of flow.
To identify the flow thresholds between the different bubble patterns, the two tubes were submerged into water at depths 2, 4 and 6 cm. For each depth 10 recordings were made while the flow increased from 0 to 0.08 L/s during 70 s. This range of flow was determined by the initial tests to be sufficient for covering the thresholds between the investigated bubble types.
The shifts between bubble formation modes were determined by visual inspection of correlograms by authors GW and SG. All conditions were rated twice by both raters to obtain intra rater reliability. Four shifts were determined, see figure 3 . The first shift appeared when the first candidate started to deviate while the second candidate remained stable. The second shift appeared when the first candidate was clearly divided in two. The third shift appeared when the separation in the first candidate became less clear and the second candidate started to become less stable, and the fourth shift appeared when no stable first and second candidates were visible. Flows at the shifts were noted for analyses, giving four flow threshold values for all takes: regular -regular with bimodal components -bimodal -bimodal with chaotic components -chaotic. Averages and standard deviations were calculated. Inter and intra rater reliability were calculated using intra class correlation (ICC) on the entire data sets.
Differences in flow values at different shifts were analyzed using non-parametric statistics with regards to diameters and water depths. chaotic. Back cavity volume was 36 cm 3 and angle of tube submersion 45°.
Experiment 4, bubble frequency and volume as functions of flow
The two tubes were submerged into water depths at 2, 4 and 6 cm. The flow was set to eleven different values between 0 and 0.04 L/s and kept steady in intervals of about 10 seconds. This reduced flow range was determined based on the results of experiment 3. All conditions were recorded 12 times. The bubble frequency was measured for each steady interval using a spectrum of the pback signal over 4 seconds. The bubble frequencies were extracted for the cases when the bubbles were emitted regularly or bimodally. In the bimodal region the second spectral peak was extracted for analysis, i.e. the frequency reflects the actual number of bubbles per second, not the number of bubble pairs per second. Flows generating chaotic bubble patterns did not result in clear peaks in the spectra, therefore no measurements of bubble frequency were made for these flows.
The bubble volume was calculated by dividing the flow by the bubble frequency:
Where V is the volume of a bubble in L, U is the flow in L/s and f is the bubble frequency in Hz. Empirical mathematical models to describe the relation between flow and bubble frequency/volume were determined using the trendline function of Microsoft Office Excel.
The power function resulted in the highest correlation coefficient.
Experiment 5, bubble frequency and volume as functions of back cavity volume
The two tubes were submerged into 2 cm water depth. Each tube was recorded using two fixed flows of 0.005 and 0.02 L/s while the volume of the back cavity was changed in intervals of about 10 seconds. Ten different volumes were set, ranging from 6 ml to 60 ml in steps of 6 ml. All conditions were recorded ten times. Bubble frequency and volume were measured as in experiment 4. Differences in bubble frequencies and volumes between back volumes and tube diameters were analyzed using non-parametric statistics.
RESULTS
Experiment 1, pressure/flow relationship
The static component of the pressureflow relationship can be seen in figure 4 . When the tube ends were kept in air, the pback increased slightly with increasing flow. When the tube ends were kept in water, the pback needed to reach a pressure near the corresponding water depth (as it is defined in this paper) before the flow could start. Further increase of the flow resulted in a slightly increased pback. The shapes of the curves for different depths were similar, but shifted upwards by an amount approximately corresponding to the water depth.
For very low flows, the required pressure occasionally was slightly lower than the corresponding water depth. The pback from the Ø 8 mm tube increased slightly more with flow than from the Ø 9 mm tube.
The predictions for pressure-flow theory for tubes in air by Smith and Titze [11] , provided a good match to the pressures for the tubes in free air. Our combined model predicts the pback of the tube in water with a slight underestimation. The RMS of the oscillating pressure component (prms) as a function of flow can be seen in figure 5 . The prms at 1 and 2 cm water depths were lower than for the other water depths. 
Experiment 2, bubble types, video recording
The different bubble types are presented in 
Experiment 3, bubble types as a function of flow
The shifts between regular, regular with bimodal components, bimodal, bimodal with chaotic components and chaotic bubble types were identified in the correlogram of the pback signal,
Average flow values for the shifts in bubble mode were determined by visual inspection of correlograms by two raters, showing that the shifts in bubble modes occurred at lower airflows for the narrower tube.
PLEASE INSERT TABLE 1 ABOUT HERE
Experiment 4, bubble frequency and volume as a function of flow
The bubble frequency and volume as functions of flow are shown in Figure 9 and 10, respectively. The bubble frequency was extracted by identifying peaks in the spectra of pback. The total amount of points is noted in the lower right corner of the graphs.
Experiment 5, bubble frequency and volume as a function of back volume
The bubble frequency and volume as functions of back volume can be seen in figures 11 and 12, respectively. Ten different back volumes were set, ranging from 6 to 60 ml in steps of 6 ml. For the higher flow (0.02 L/s) and small back volumes, the bubble patterns varied between bimodal and chaotic, sometimes making detection of bubble frequency impossible. Mann-Whitney U tests showed that the bubble frequencies were significantly higher for the Ø 8 mm tube than for the Ø 9 mm tube (U = 8663.0, p < .001, mean rank scores 209.74 for the Ø 8 mm tube and 137.72 for the Ø 9 mm tube), and the bubble volumes were correspondingly smaller for the Ø 8 mm tube than for the Ø 9 mm tube (U = 7963.0, p < .001, mean rank scores 132.12 for the Ø 8 mm tube and 212.26 for the Ø 9 mm tube), The bubble frequencies and volumes were significantly lower for the lower flow than for the higher flow (U = 0, p < .001, mean rank scores 100.5 for the 0.005 L/s flow and 273.0 for the 0.02 L/s flow, for both bubble frequencies and volumes) Figure 11 . Bubble frequency as a function of back volume at two set flows for two diameter tubes at 2 cm water depth. 
DISCUSSION
The purpose of the present study was to examine the back pressure and bubble formations provided by resonance tubes with tube end in water. In vocal exercises, the back pressure corresponds to the oral pressure. Five experiments were done, using a flow driven vocal tract simulator with a back cavity volume resembling the vocal tract.
The first experiment investigated the flow-pressure relationship for the two diameter tubes, in air and at seven different water depths. The static and oscillating parts of the pback were analyzed separately. The static part of pback was strongly dependent on the water depth and slightly dependent on flow. In practice, this means that the static component of the oral pressure is largely determined by the water depth, and that the subglottal pressure has to overcome that for bubbles to appear. At closer observation, the flow sometimes started slightly below the pressure that the corresponding water depth would induce. This is probably due to how the water depth was measured. Due to the angle of 45˚, the air column did not reach all the way down to the tube end between bubbles for the lowest flows, which resulted in a lower average pressure during the bubble cycle, than the pressure at the lower end of the tube would provide. However, for higher flows the air column did reach the lower end of the tube for most of the time, resulting in a higher average pressure approximately corresponding to the pressure at the lower end of the tube. This could also be seen in the video recordings in experiment 2 (see the top sequences in figure 6 a-c). The agreement between back pressure and the pressure at the lower end of the tube is coincidental and relies on the angle of approximately 45º. If using a downward (90º) angle of submersion, the model would have to be modified accordingly, because the actual depth for an emitted bubble would be greater than the depth at the tube end, as shown by Amarante Andrade et al [10] in their figure 3 .
In addition to the pressure given by the water depths, there was also a small flow resistance in the tubes. The Ø 8 mm tube showed a slightly steeper increase of pback during increasing flow than the Ø 9 mm tube, which would be expected due to the higher flow resistance of the narrower tube. Comparing our experimental data to the model of pressure-flow relationships for tubes in free air [11] showed that our data generated a similar pback as the model. The measured data shows a small but systematic underestimation of the back pressure in our combined model for the tube in water. This underestimation may be explained by the resistance of the extra constriction that appears when there is water in and near the tube end. The difference in resistance between tube diameters of 8 and 9 mm seems to be so small (resulting in a pressure difference of less than 1 cm H2O), so it might not be of any clinical importance.
In addition to the static component, prms was quantified using the RMS amplitude of the oscillating component of pback. The oscillating component has earlier been referred to as providing a so called massage effect [2, 6, 14] . The largest values of prms were found to plateau around 5-6 cmH2O at high flows, and occurred for water depths 3 to 7 cm. For 2 cm of water depth, prms plateaued near 4 cmH2O, and at 1 cm of water depth, it plateaued at around 2.5 cmH2O (recall Figure 5 ). For all water depths, the prms decreased towards zero flow. The prms values were slightly larger for the Ø 9 mm tube than for the Ø 8 mm tube.
The plateauing of prms is interesting, especially as Simberg and Laine [8] recommend not submerging the tube end deeper than 2 cm whilst keeping a steady phonation. This water depth will provide medium prms, without a large static pback, as the oscillating part will not change with greater depths than 3 cm. Submerging the tube end beyond 3 cm will not increase prms considerably, however the static part of the pback will increase with increasing water depth. However, the oscillating component causes the peak vocal tract pressures to be considerably higher than the static pressures. The constant prms for depths over 3 cm is in line with Guzman et al [13] , who found no significant differences in the peak-to-peak amplitudes of the oral pressure modulations for 45 subjects during bubbling at 3 and 10 cm water depth using a 55 cm long silicone tube. This knowledge might be important to consider in the clinical setting.
The second and third experiment focused on bubble formation modes. The formation of bubbles when air is blown into water was studied already in the 1960's and earlier, but to our knowledge this research has not been put in the context of voice training with resonance tube phonation in water. Most of the earlier research was done with a vertical, upward facing tube end, in contrast to the tube phonation where the tube has a downward angle of about 45°. Our research shows however that the formation of bubbles is similar to that of the vertical end,
where the bubbles at low flows are emitted one by one in a periodic manner, at medium flows the bubbles are emitted in pairs resulting in a mushroom like shape and at high flows the bubbles are emitted in a chaotic manner [17] . No data on human airflow usage during resonance tube phonation in water seems to be available, so to date it is unclear which bubble mode actually is the most commonly used with patients and whether the patients could use the bubble mode as a feedback. Granqvist et al [6] , figure 2, show a picture of a possible regular to bimodal bubble pattern produced by a participant instructed to perform the exercise in a normal way. This indicates that the participant used a flow resulting in the bimodal region.
However, typical airflow usage during resonance tube phonation in water needs to be investigated in future studies.
In experiments 2 and 3 the time between bubbles was studied by means of a correlogram.
Extracting the time between bubbles is non-problematic at low flows providing regular bubble formations. Methods used for extracting fundamental frequency can be applied. However, for the bimodal and chaotic regions, the same problem occurs as with voices with a high degree of perturbation in the fundamental frequency. The correlogram presents several candidates for period time, and has a greater time resolution than spectral methods. Thus, the correlogram serves the purpose well of illustrating the periodicity of signals with both regular and irregular period times, such as pback.
In experiment 3 the determination of where the shifts occurred was slightly problematic, as there was a randomness in the appearance of the bimodal and chaotic occurrences (recall figure 3 ). For example, in the region marked as bimodal, the second candidate would have been expected to be completely smooth if the signal had been perfectly bimodal. However, this is not the case and this type of irregularity is typical for the present data. Nevertheless, we find it worthwhile to attempt to categorize the shifts between bubble modes as presented because the modes seem to appear in all takes although with a random component in how they occur.
Despite the inconsistencies of the system, the reliability between the raters was good [21] .
The transitions between bubble modes occurred at slightly lower flows for the narrower tube, although exceptions could be noted in some of the takes. The transitions occurred at the lowest flows at the 6 cm water depth, and at the highest flows at the 4 cm water depth. This finding indicates that bubble emissions are affected differently at different water depths. In this study, the transitions were only rated at an increasing flow. The shifts may have occurred at slightly different flows if using decreasing flow, due to the chaotic nature of the system.
This phenomenon was however not investigated in this paper. The fourth experiment investigated the bubble frequencies and volumes at different airflows. Not surprisingly, the bubble frequency increased with increasing flow, but at a lower rate for high flows. Hence, the volume of the bubbles also increased with increased flow. Only small differences in bubble frequencies could be seen between the different tube diameters and water depths. The bubble frequencies reached 22-23 Hz and 20-22 Hz, with the Ø 8 and Ø 9 mm tube, respectively, for the highest possible flows before entering the chaotic oscillatory modes. The graphs (figures 9 and 10) extend to higher flows than the average points of shift to chaos in experiment 3, which is possible due to the fact that the last points represent the few takes where the shift to chaos had not yet appeared.
The fifth experiment investigated bubble frequencies and volumes at two fixed flows with a varying back volume at 2 cm submersion depth. The results showed that the bubble frequencies decreased with an increasing back volume, especially for the higher flow ( Figure   11 ). This finding could also be relevant in voice therapy, as changes in vocal tract volume have been observed during and after SOVT exercises [19] . It could also be speculated that the degree of glottal adduction may be reflected in the bubble frequency and bubble volume. Less adduction opens the passage to the subglottal tract, and thus the back cavity appears larger.
If the subglottal pressure is kept constant, an increased oral pressure leads to a decreased transglottal pressure. Results from earlier studies suggests that a narrow straw providing a high flow resistance might be useful for example during warm-up for singing or other vocally demanding tasks [1] , since it enables the singer to keep a high subglottal pressure combined with a low transglottal pressure. This effect should also be present in tube phonation in water.
The modulation of the oral pressure modulates the vocal fold oscillation [6, 22] . If the subglottal pressure is constant, the transglottal pressure oscillation has the same amplitude as the oral pressure variations. If, on the other hand, the subglottal pressure also becomes modulated by the pback of the tube, the transglottal pressure oscillation would be smaller.
Horácek et al [23] provide some data from a physical model of the vocal folds and vocal tract during resonance tube phonation in water at 10 cm water depth. In their figure 3b [23] , a low frequency pressure oscillation of about 60 ms, presumably related to the reported bubble frequency of 16 Hz, modulates subglottal, transglottal and oral pressure. Thus, the pback oscillations do propagate to the subglottal cavity and it would be reasonable to assume that glottal resistance would affect the extent of subglottal pressure oscillation. It could be speculated that a larger transglottal modulation would be present for pressed voice than for flow phonation. This implies that the resonance tube could potentially be used as a feedback device for adduction. This needs to be investigated further.
The static oral pressure can be controlled for via the water depth. The recommendation of a water depth of 1-2 cm [8] during continuous phonation will provide a relatively low static oral pressure. However, for patients with vocal fold paresis and incomplete closure of the glottis, the same authors recommend short phonations at a greater water depth to resemble pushing exercises [8] . The static part of the pback enables the therapist to have some control over the subglottal pressure that the patient produces.
Some studies have looked at bubble frequencies during resonance tube phonation in water with human subjects. Granqvist et al [6] reported bubble frequencies between 10 and 13 Hz.
Wistbacka et al [7] reported bubble frequencies between 14 and 22 Hz. Both studies investigated bubble frequencies at two different immersion depths with two participants, using Ø 9 mm glass tubes of lengths between 26 and 28 cm. Guzman et al [13] reported bubble frequencies between 12 and 32 Hz, with an average of 22 Hz for 45 participants using a Ø 10 mm, length 55 cm silicone tube at immersion depths 3 and 10 cm. Horácek et al [24] used a Ø 6.8 mm, length 26.4 cm glass tube at three different water depths in order to measure bubble frequencies from spectra of the oral pressure signal. The frequencies reported varied between 15 and 18 Hz. Interestingly, from the pressure spectrum shown in the study for phonating through the tube at 2 cm water depth, the dominant spectral peak of 18 Hz appears to be the second partial of a bimodal spectrum, where the first partial appears near 9 Hz.
There might be an inconsistency between different studies whether the terminology "bubble frequency" refers to the actual number of bubbles per second or the number of bubble pairs per second. In all these studies except Guzman et al [13] , a lower bubble frequency was associated with larger water depths. None of these four studies measured flow, and according to the present study, differences in flow as well as tube diameter can explain the different bubble frequencies.
The results from the present study provide the possibility to estimate flow based on bubble frequency and tube diameter. Transitions to chaotic bubble formation occur at surprisingly low flows. Therefore, in regular and bimodal bubble regimes, the flows during resonance tube phonation in water can be expected to be lower than during normal phonation as well as during tube phonation with the free end in air, as estimated by Titze et al [1] .
Previous studies on humans have mainly focused on immediate and short term physiological, perceptual and acoustical effects of tube phonation [1, 5, 6, 7, 13, 22, 25, 26] . However, the resonance tube can also be seen as a feedback and control device in voice therapy. The three modes of bubble formation and bubble frequencies can serve as flow feedback. In particular, if the therapeutic goal is to lower the airflow, the patient could be instructed to produce "calm" bubbles, associated with regular or bimodal bubble formations. Using an open bowl encourages the use of a low flow in order to avoid splashing. This highlights a difference between resonance tube phonation in water and the LaxVox technique, in which the bowl is replaced by a water bottle. A closed container allows for the use of a higher flow without splashing. This indicates that the two methods might be differently suited for different therapy goals.
The tube dimensions recommended by Sovijärvi [4] suggest different tube diameters depending on if the patient is an adult or a child. Tubes for adults are recommended to have a diameter of 9 mm and tubes for children a diameter of 8 mm [4] . However, the physical differences investigated in this study between the two diameters were small, and possibly not clinically important. Sovijärvi further recommends different tube lengths depending on voice category [4] . Possible effects of tube length were not investigated in the present study.
Although differences found between the Ø 8 mm and Ø 9 mm tubes were small, there may be important interaction parameters between the system and the patient within the clinical setting that were not investigated in this study. These parameters could include acoustic interaction with the vocal fold oscillations, perception of sound and the tactile experience by the patients.
Thus, several mechanisms have been identified that the voice therapist can take advantage of, in order to provide appropriate visual, perceptual and tactile goals to the patient. These goals may improve reproducibility of the exercise during home practice.
CONCLUSIONS
A flow-driven vocal tract simulator was used to obtain information on the physical properties of resonance tubes submerged in water. The results from this study provide information about the static and oscillatory components of back pressure, bubble frequency, volume and mode, as well as how these variables depend on airflow, water depth, tube diameter and back cavity volume. The results provide a scientific ground facilitating further systematic development of SOVT exercises as well as understanding differences between their different types. Table I . Median and inter quartile range of the airflow at points of shift in bubble modes from experiment 3, determined visually by two raters using correlograms. The ratings were done twice by both raters on 10 takes per task. Hence, all values are based on 4x10 flow values.
The numbering of the shifts correspond to those in figure 3 . 
